The twin-arginine translocation (Tat) system transports folded proteins across the bacterial plasma membrane, including FeS proteins that receive their cofactors in the cytoplasm. We have studied two Escherichia coli Tat substrates, NrfC and NapG, to examine how, or whether, the system exports only correctly folded and assembled FeS proteins. With NrfC, substitutions in even one of four predicted FeS centres completely block export, indicating an effective proofreading activity. The FeS mutants are rapidly degraded but only if they interact with the Tat translocon; they are stable in a tat deletion strain and equally stable in wild-type cells if the signal peptide twinarginine motif is removed to block targeting. Basically similar results are obtained with NapG. The Tat apparatus thus proofreads these substrates and directly initiates the turnover of rejected molecules. Turnover of mutated FeS substrates is completely dependent on the TatA/E subunits that are believed to be involved in the late stages of translocation, and we propose that partial translocation triggers substrate turnover within an integrated quality control system for FeS proteins.
Introduction
The twin-arginine translocation (Tat) pathway has the unusual ability to transport folded proteins across tightly sealed, energy-transducing membranes, notably the bacterial plasma membrane and the chloroplast thylakoid membrane (reviewed by Robinson and Bolhuis, 2004; Mü ller, 2005) . It operates alongside the well-characterised Sec pathway and appears to transport two broad classes of protein: globular proteins that fold too rapidly for the Sec system to handle, and proteins that are obliged to fold before transport. In bacteria, the latter class includes periplasmic proteins that bind any of a series of redox cofactors, such as FeS centres, molybdopterin centres and others (Berks, 1996; Santini et al, 1998; Weiner et al, 1998) . These cofactors are inserted enzymatically in the cytoplasm, presumably necessitating export in a largely, if not completely, folded form. This raises the key question of how the Tat pathway assesses whether substrates are indeed correctly folded.
Studies on the Tat mechanism have suggested that the core translocation apparatus is membrane bound, at least in Escherichia coli and plant thylakoids. The key Tat components are the TatABC subunits in Gram-negative bacteria and the homologous Tha4, Hcf106 and cpTatC subunits in plants (Settles et al, 1997; Bogsch et al, 1998; Sargent et al, 1998; Weiner et al, 1998) . TatA and TatB are single-span membrane proteins that are homologous but functionally distinct (Sargent et al, 1999) , whereas TatC contains six transmembrane spans (Behrendt et al, 2004) . These subunits form two distinct complexes in the membrane: a TatABC complex of about 400 kDa in E. coli (Bolhuis et al, 2001) , and a separate, homo-oligomeric TatA complex, which is highly heterogeneous in size (Gohlke et al, 2005; Oates et al, 2005) . Crosslinking studies (Cline and Mori, 2001; Alami et al, 2003) have shown that substrates first bind to the TatBC complex (Hcf106-cpTatC complex in plants), and this is believed to trigger the recruitment of the TatA complex (or plant Tha4 complex) to generate the full translocation system (Mori and Cline, 2002) . However, the subsequent translocation process is not understood in any detail at the present time.
The question of 'proofreading'-how the Tat pathway determines whether a substrate is correctly folded with any cofactors in place-has been addressed in several studies. First, it seems that the system has an inherent ability to preferentially transport folded proteins (at least with some types of proteins). In one case, it was shown that a heterologous protein, PhoA, was only transported if the native disulphide bonds had been formed to generate the correctly folded molecule (DeLisa et al, 2003) , and a more recent study has suggested that the Tat system has an inbuilt tendency to transport globular proteins that do not possess exposed hydrophobic patches (Richter et al (2007) . However, there is also evidence for the participation of other factors in some cases. Several studies on the related molybdoproteins TMAO reductase (TorA) and DMSO reductase (DmsA) (Oresnik et al, 2001; Sargent, 2007) have shown that the tor and dms operons encode chaperone molecules (TorD and DmsD) that bind to the newly synthesised apo-forms of TorA and DmsA and specifically prevent their export until the cofactors are in place. These proteins bind to the signal peptides of their cognate substrates and appear to be important only for the assembly and export of these specific proteins. For example, DmsD is essential for the efficient export of DmsA reductase (Oresnik et al, 2001 ) but a fusion comprising the DmsA signal peptide linked to a heterologous protein does not require DmsD for Tat-dependent export to the periplasm .
In this study, we have investigated the export of FeS proteins by the Tat pathway in E. coli, with the twin aims of testing whether the pathway senses the folded state of selected substrates, and determining the fate of substrate molecules that are unable to assemble correctly. We show that mutations in a single FeS cluster are sufficient to block export of two FeS proteins, and we further show that the Tat apparatus directly initiates the degradation of the rejected molecules.
Results

Mutations in FeS assembly lead to a complete block in NrfC export
The aim of this study was to analyse the relationship between FeS cluster assembly and protein export in selected Tat substrates, and we first studied NrfC as a candidate substrate. This protein is part of the formate-dependent nitrite reductase complex and is predicted to contain four separate [4Fe-4S] centres (reviewed by Cole, 1996) . It is part of the CooF family of iron-sulfur proteins, all which are involved in anaerobic bacterial metabolism. NrfC is strongly predicted to be a Tat substrate and has a typical twin-arginine signal peptide, which has been shown to direct the export of heterologous proteins by the Tat pathway (Tullman-Ercek et al, 2007) . Figure 1 shows the primary sequence of pre-NrfC, with the signal peptide underlined and the Cys residues assigned to FeS clusters 1, 2, 3, or 4 on the basis of strong homology to formate dehydrogenase-N subunit b, the structure of which was reported by Jormakka et al (2002) . Also shown is a homology model for the three-dimensional structure of NrfC, based on the sequence homology with this subunit.
Pre-NrfC was expressed using the arabinose-inducible pBAD24 vector and we appended a C-terminal 6-His tag to aid in the identification of the protein. We first tested whether NrfC is indeed a Tat substrate, by expressing the precursor protein in wild-type MC4100 E. coli cells and a tat-null mutant strain, DtatABCDE. The results are shown in the top panel of Figure 2 . When expressed in wild-type cells, immunoblotting shows the presence of two forms (of 25 and 22 kDa) in total cell extracts (lane 'TC'). Fractionation of the cells shows that the 25 kDa form is in the membrane fraction (M), whereas the smaller form is in the periplasm (P). Very little protein is detected in the cytoplasm (C). Only the larger protein is visible after expression in the tat mutant strain, and no NrfC is detected in the periplasm. These data clearly show that, in wild-type cells, the 25 kDa precursor form has been exported to the periplasm and processed to the mature size. The complete absence of export in the tat mutant cells confirms that pre-NrfC is a Tat substrate. Figure 1 Predicted FeS ligands targeted for mutagenesis in NrfC. The top section shows the primary structure of E. coli pre-NrfC with the signal peptide underlined. The diagram also shows Cys residues predicted to be involved in formation of four [4Fe-4S] centres, and these have been denoted as belonging to FeS centres 1-4 (numbering above the residues) on the basis of strong homology to formate dehydrogenase-N, another member of this family of proteins. Residues substituted in mutants M1 and M2 are indicated by asterisks and arrows, respectively. The lower part of the figure shows a predicted three-dimensional structure for NrfC from homology modelling, using the primary sequence of NrfC and the known structure of formate dehydrogenase-N subunit b (Jormakka et al, 2002) . The question of proofreading was addressed by expressing two mutated versions of pre-NrfC. In mutant M1, 2 of the 16 Cys residues involved in FeS formation were substituted by Ala; the mutations were designed to affect the assembly of one of the four FeS centres (FeS centre 2; the substituted Cys are indicated by asterisks in the sequence shown in Figure 1 ). In mutant M2, two Cys residues from two separate FeS clusters were mutated in the same manner (arrowed in Figure 1 ). Expression of these mutants (Figure 2) shows that the substitutions have a dramatic inhibitory effect on export, with no periplasmic protein apparent even with the M1 mutant that contains mutations in a single FeS cluster. These data provide strong evidence that the Tat pathway effectively assesses ('proofreads') NrfC's folding state and completely blocks the export of the misfolded/misassembled forms. To our knowledge, it is not known how the structure of any of this class of proteins is affected by substitutions of FeS ligands, so we are unable to gauge the extent of the structural changes that are evidently detected.
NrfC and NapG FeS mutants are rapidly degraded in wild-type cells but fully stable in a tat-null mutant strain The data shown in Figure 2 were obtained after a 2-h induction of expression using arabinose, and in other experiments we noted that longer induction times resulted in a much-reduced signal strength with the NrfC mutants, or no signal at all. We therefore analysed the expression and processing of the NrfC forms over time, and the data are shown in Figure 3 . Expression of non-mutated pre-NrfC in wild-type and DtatABCDE cells over a 5-h period (after addition of arabinose to induce synthesis) is illustrated in the upper panel. In wild-type cells, the precursor protein is first detected after 2-h and mature NrfC is detected (at low levels) after 3-h, with the mature protein becoming the dominant form thereafter. These data show that the export of NrfC is a relatively slow process, occurring over an hour or more, and this presumably reflects the time needed to assemble and insert the FeS centres before export.
Interestingly, the levels of the M1 and M2 forms also peak at 2-h when expressed in wild-type cells, but the protein levels then decline rapidly. Quantitation of the bands (graph) shows that virtually no M1/M2 protein can be detected by the 3-h time point, clearly showing that these mutated forms are subjected to rapid turnover. Surprisingly, the picture is completely different when these mutants are expressed in the Dtat background (right-hand-side panels of immunoblot inset). In these cases, pre-NrfC, M1 and M2 all accumulate stably throughout the induction period. The M1 and M2 forms are equally stable under these conditions and able to accumulate to massive levels when compared with the levels detected in wild-type cells. Note that each sample in this experiment (and others) was derived from equal numbers of identically grown/processed cells, with all immunoblots exposed for identical times to make them directly comparable. As a control to monitor protein synthesis rates, we expressed a Tat substrate comprising the signal peptide of TorA linked to green fluorescent protein; this fusion protein is an excellent Tat substrate ). TorA-GFP was expressed under identical conditions using the same vector (pBAD24) and we found that similar levels of TorA-GFP accumulated in the wild-type and DtatABCDE cells (data not shown; a more extensive version of this experiment is shown in Figure 8 ). This confirms that the higher signal levels observed in the mutant strain did not stem from enhanced synthesis rates. These data provide the first indication that the Tat system not only senses the folding state of this precursor, but directly initiates the degradation of mutated forms.
We also analysed NapG, a 4 Â [4Fe-4S] component of periplasmic nitrate reductase (reviewed by Cole, 1996) , which is known to be synthesised with a Tat signal peptide Figure 3 Mutated forms of NrfC and NapG are rapidly degraded in wild-type cells but stable in DtatABCDE cells. Pre-NrfC, M1 and M2 were expressed in WT cells (black squares, triangles and circles, respectively) and DtatABCDE cells (white squares, triangles and circles, respectively). Cells were analysed at times (in hours) after induction of synthesis with arabinose, and the graph shows the amounts of protein present (by quantitative immunoblotting) as a function of time. The immunoblots are shown in the inset, with precursor and mature forms of the protein indicated (pre, mat). (Tullman-Ercek et al, 2007) . Again, we expressed the protein using the pBAD24 promoter and we tested for export to the periplasm after expression for varying induction periods. Figure 4A shows that the precursor form of NapG again appears after about 2-2.5 h, and the data also show that a faster-migrating band, presumed to be the mature protein, is evident in wild-type cells but not in DtatABCDE cells. We fractionated cells after 3.5 h induction ( Figure 4B ), and the data show that the precursor form is found almost exclusively in the membrane fraction (M), suggesting a non-specific interaction with the membrane surface. A faint mature-size band is in the periplasmic fraction of wild-type cells but not DtatABCDE cells. NapG is thus exported in wild-type cells but with rather low efficiency. We did not co-express other genes from the nap operon, and it is possible that the cells do not correctly export NapG under these conditions.
We analysed the stability of pre-NapG in wild-type and DtatABCDE cells, and we also analysed a mutated form (M1), in which 2 Cys ligands for a single FeS centre were substituted by Ala. The results ( Figure 4A ) are striking. The non-mutated protein is relatively stable in both wild-type and DtatABCDE cells, accumulating steadily throughout the induction period. In contrast, the M1 mutated version is very rapidly degraded in wild-type cells (barely detectable at any point), yet fully stable in DtatABCDE cells. As with the NrfC mutants, NapG-M1 degradation is strongly correlated with Tat activity, and the data again suggest that the NapG mutant is interacting with the Tat system and being targeted for degradation when transport is prohibited.
The data in Figures 3 and 4 show that rapid turnover of mutated NrfC/NapG proteins is only observed in transportcompetent cells, which suggests a key role for the Tat system in triggering their turnover. However, we considered it important to confirm the apparent importance of the substrate-translocase interaction using an alternative approach, in part to exclude the (unlikely) possibility that the Dtat phenotype may be indirectly responsible for the stabilisation of the mutated precursors. We therefore blocked the interaction between NrfC and the Tat system by mutating the NrfC signal peptide rather than the translocation apparatus. Various studies have confirmed the importance of the twin-arginine motif in Tat signal peptides (e.g., Chaddock et al, 1995; Stanley et al, 2001 ) and we substituted both arginines by lysine in the NrfC, M1 and M2 signal peptides, reasoning that such 'KK' mutated forms would be completely blocked in Tat-dependent translocation. Figure 5 shows that, as expected, the KK variant of otherwise-wild-type pre-NrfC is not exported to any detectable extent, with no mature-size protein generated even over extended time points. The precursor form accumulates in a manner that resembles that observed during the expression in tatABCDE cells. The remaining panels of Figure 5 show the expression of the KK variants of M1 and M2 in both wild-type and DtatABCDE cells. The key point is that the KK forms of the M1 and M2 mutants are all highly stable over 5 h, even in wild-type cells. Stability is at least as high as that of M1/M2 when expressed in the tat-null mutant strain, and this confirms that the previously observed rapid turnover of M1 and M2 is totally dependent on interaction with the Tat apparatus. For direct comparison, we expressed one of the mutated NrfC forms bearing an intact signal peptide under the same conditions (M2, as used in Figures 1 and 2) . As found previously, this mutated form is stable in DtatABCDE cells but rapidly turned over in wild-type cells. We conclude from these data that degradation of the mutated proteins is totally dependent on interaction with the membrane-bound Tat apparatus.
TatA/E subunits have important functions in turnover of M1 and M2, indicating partial translocation before degradation Which particular elements of the Tat apparatus are important for turnover of NrfC mutants? This is a key question because different components are believed to have different roles, with the TatA complex becoming involved only at the later stages of the translocation process. In E. coli, this analysis is complicated by the presence of a TatA paralogue, TatE, which is expressed from a separate gene. TatE is expressed at much lower levels than TatA, and as a result, DtatA cells exhibit a much more severe export defect than do DtatE cells. A complete block in translocation is observed only when both tatA and tatE are disrupted, and disruption of either tatB or tatC also results in a complete block in translocation (Sargent et al, , 1999 . We expressed pre-NrfC and the M1/M2 mutants in a range of tat mutant strains, and the data are shown in Figure 6 . The first, and most important, point is that the rapid turnover of M1 and M2 is completely abolished in the DtatAE double mutant. Both mutated NrfC proteins are as stable as when expressed in the full DtatABCDE strain, and this demonstrates a critical role for TatA/E in the turnover process. If current models for the E. coli Tat system are correct, this result indicates that coalescence of the TatABC and TatA complexes to form the full translocon is essential to trigger the degradation of M1 and M2. The clear implication is that these proteins are rejected, and perhaps concomitantly designated for disposal, at a very late stage in translocation.
Close inspection of the data obtained with the DtatE and DtatA single mutants does yield interesting results that bear consideration. Pre-NrfC is not exported at all in DtatA cells (no mature-size protein is apparent) but is exported rather efficiently in DtatE cells, as shown by the accumulation of mature size protein during the time course. These data are not surprising, as TatE is known to have a less important function in the translocation process, just because it is present in such low quantities. TatE is thus unable to support the export of NrfC in the absence of TatA, and the natural prediction is that TatE would be similarly unable to support M1/M2 turnover in the absence of TatA. However, this is not the case: these mutants are turned over very rapidly indeed in both DtatA and DtatE cells (as rapidly as when expressed in wild-type cells). We conclude that TatE can function efficiently in this proofreading/turnover system, apparently as efficiently as TatA.
Pre-NrfC, M1 and M2 were also expressed in DtatB and DtatC cells (Figure 6 ). The non-mutated precursor is relatively stable, but M1 and M2 were rapidly degraded over the 5-h time-course analysis. These data are surprising; heterodimeric TatBC units are believed to form the initial binding site for precursor, and we expected that the absence of either subunit would completely block substrate binding and hence M1/M2 turnover. The observed turnover of M1 and M2 in DtatB and DtatC cells suggests one of two scenarios: (i) that either subunit, on its own, can bind precursor and recruit the Figure 5 Removal of the twin-arginine motif in the signal peptide blocks turnover of the NrfC M1/M2 mutants. The twin-arginine motifs in the pre-NrfC, M1 and M2 signal peptides were substituted by twin-lysine by site-specific mutagenesis, and the constructs were expressed and analysed exactly as shown in Figure 3 , with time points shown after induction with arabinose. The M2 construct containing an intact signal peptide was also expressed for reference purposes (as shown in Figure 3 ). Total cell samples were analysed and the mobilities of the precursor proteins are shown. Figure 6 The TatA/E subunits have an important function in the Tat-dependent turnover of the M1/M2 mutants. Pre-NrfC, M1 and M2 were expressed in the DtatABCDE strain and strains specifically disrupted in tatA, tatE, tatAE, tatB or tatC as indicated. Samples were analysed at times (in hours) after induction of NrfC/M1/M2 synthesis using arabinose and immunoblotted as described in Figure 3 . Mobilities of the precursor proteins are shown.
TatA complex, thereby stimulating M1/M2 turnover, or (ii) that the roles of Tat complexes/subunits in translocation are different from their roles in M1/M2 proofreading and turnover, and TatA/E can enhance turnover of the mutants even in the absence of substrate binding to TatBC.
Given the key role of TatA/E in the turnover of NrfC mutants, we thought it important to test whether one of these subunits can support turnover of NrfC in the complete absence of TatBC. We therefore expressed TatA together with NrfC/M1/M2 in a DtatABCDE background, and the data are shown in Figure 7 . The lower section of the figure shows a TatA blot in these cells ( þ lane) and DtatABCDE control cells (À), and this confirms that TatA is indeed expressed as expected. The time-course analyses of NrfC/M1/M2 show that all of these forms are stable in the presence of TatA, and this confirms that turnover requires both TatA/E and, minimally, either TatB or TatC (as suggested by the data in Figure 6 ).
There is ample evidence that other, non-FeS Tat substrates do not exhibit such widely different stabilities in wild-type versus tat cells (see Discussion), but we considered it important to examine the synthesis and stability of a non-FeS substrate under identical conditions. For this purpose, we used the TorA-GFP substrate described earlier. The protein was expressed under identical conditions in all of the mutant strains used in Figure 6 , and the quantitated data are shown in Figure 8 , with the inset showing the immunoblot of two of the panels (TorA-GFP expression in wild-type and DtatABCDE cells). The protein is exported in wild-type cells as shown previously , and the maturesize protein accumulates throughout the induction series. No export is observed in DtatABCDE cells, although some proteolytic clipping to a near-mature-size form is evident, and no export is observed in DtatAE, DtatB or DtatC cells either (data not shown). Comparison of the data sets shows that this substrate accumulates to broadly similar levels in all of these strains, and this shows that this Tat substrate is (i) synthesised at similar rates and (ii) equally stable in the presence or absence of the Tat apparatus.
Discussion
Proofreading of substrates is likely to be a critical aspect of Tat functioning because the export of apo-forms of complex substrates would be a futile process, with possible adverse consequences. Emerging evidence suggests that the Tat system may indeed preferentially transport folded forms of globular proteins, perhaps through an inbuilt tendency to avoid proteins with exposed hydrophobic patches (Richter et al, 2007) , but the pathway may need a more rigorous quality control system for some substrates, with additional safeguards. Studies on molybdoproteins such as TorA and DmsA have shown that soluble, substrate-specific chaperones have an important function, and these accessory factors appear to have exactly this function (reviewed by Sargent, 2007) . Here, we have shown that mutation of only one FeS centre is sufficient to completely block export of the NrfC FeS protein, and these data represent the first evidence for the proofreading of FeS substrates. Our data also show why such a system may be vital for the cell; NrfC is exported very slowly in wild-type E. coli cells, and this would provide ample opportunity for the export of apo-protein in the absence of a rigorous quality control system.
Although this finding is of interest in itself, our study has shown that the quality control of FeS protein export involves much more than the proofreading of either substrate conformation or the status of FeS cluster assembly. FeS-deficient molecules are rapidly degraded by the cell, and this degradation is wholly dependent on interaction with the Tat apparatus. Thus, the mutated NrfC proteins are completely stable in a tat-null mutant background, or when non-functional signal Figure 7 TatA cannot direct the degradation of NrfC mutants in the absence of TatBC. TatA was expressed in DtatABCDE cells using the pEXT22 plasmid, together with NrfC and mutants M1 and M2. The NrfC forms were induced by addition of arabinose as shown in previous figures, and samples were analysed by immunoblotting at times (in hours) after induction. The lower part of the figure shows a TatA immunoblot of a sample from one of these strains (the TatA/ NrfC-expressing cells) and DtatABCDE cells expressing NrfC but not TatA. Figure 8 A non-FeS Tat substrate, TorA-GFP, is synthesised at similar rates in strains disrupted for single or multiple tat genes. TorA-GFP was expressed using the pBAD24 vector as described above for NrfC constructs. The protein was expressed in the range of single/multiple tat disruptions under the conditions described for NrfC in Figure 6 , and the GFP immunoblots were quantitated and expressed as shown in the graph. Data are shown after expression of TorA-GFP in wild-type cells (black squares), DtatABCDE (black triangles), DtatA (black circles), DtatB (black diamonds), DtatC (white squares), DtatE (white triangles) and DtatAE (white circles). The inset shows the immunoblots of TorA-GFP expression in two of the strains (wild type and DtatABCDE). Mobilities of TorA-GFP and GFP are shown.
peptides are used to block interaction with the Tat translocon (the KK mutants). Effectively, the Tat system is at the centre of an integrated quality control system that involves not only the proofreading of FeS protein substrates before transport, but also the targeted degradation of substrate molecules that are found to be inappropriately folded or assembled. Turnover is triggered only after productive interaction between the precursor and the Tat components.
Importantly, the TatA/E subunits have an important function in this quality control operation, and this points to an involvement of the TatA (or TatE) complex, which is believed to become involved only at a late stage in translocation. NrfC may, therefore, be tagged for degradation as a result of partial translocation by the membrane-bound Tat apparatus. The other FeS protein studied here, NapG, does not appear to be efficiently exported under these conditions, but it may nevertheless be subjected to the same form of quality control audit. Our data show that the mutated form of this protein (NapG-M1) is very rapidly turned over in wild-type cells, but highly stable in DtatABCDE cells. We believe that the wild-type NapG precursor protein may interact extensively with the Tat apparatus, but not to the extent that it is fully translocated and processed (for unknown reasons). Apparently, this partial translocation of the M1 NapG mutant is nevertheless sufficient to trigger very rapid degradation in wild-type cells, to the extent that the protein is virtually undetectable.
It is unsurprising that misfolded substrates are degraded (this is common practice in biological systems) but highly unusual for a protein transport system to make the vital decision about the fate of its substrates. Key questions are whether this mechanism applies to all FeS substrates of the Tat system, and whether a similar system operates for other, non-FeS Tat substrates. Further substrates need to be studied before this question can be properly answered, but previous studies on other (non-FeS) substrates suggest that the Tat apparatus is not involved in the degradation of its other substrates. In several cases it has been shown that other types of Tat substrate (whether native or misfolded) are destabilised, rather than stablilised, when transport is prevented by the absence of translocase components or mutagenesis of the signal peptide (Santini et al, 2001; Barrett et al, 2003; DeLisa et al, 2003; Fisher et al, 2006) . None of these studies reported enhanced rates of substrate degradation in the presence of a functioning Tat system, and our data are therefore consistent with the idea that FeS proteins are subjected to a particular form of quality control analysis. Of course, further studies are required to determine whether there are parallels with other types of Tat substrate.
How might the Tat translocon initiate the disposal of rejected substrates? This is a key question, but we have very little information at present. One possibility is that ancillary 'proofreading' factors remain associated with the substrate and prevent its correct translocation once bound to the TatABC components. In this scenario, the translocation event may actually serve to partially unfold the substrate and render it protease sensitive. Alternatively, the substrate may remain locked onto the translocon in a transport-incompetent state and the system may then recruit the necessary degradation machinery; this would represent a more active role for the Tat system in triggering turnover. These, and other, possibilities are experimentally testable, and the priorities will be to determine how the Tat translocon operates within this quality control pathway, and to identify other factors involved.
Materials and methods
Bacterial strains, plasmids and growth conditions Escherichia coli strain MC4100 was the parental strain (Casadaban and Cohen, 1979) ; DtatA, DtatB, DtatC, DtatE, DtatAE and DtatABCDE have been described earlier Sargent et al, 1998 Sargent et al, , 1999 Wexler et al, 2000) . All of the constructs described below were expressed using the arabinose-inducible pBAD24 vector, and arabinose-resistant derivatives were used as described previously (Guzman et al, 1995; Bolhuis et al, 2001 ). E. coli was grown aerobically at 37 1C in Luria broth (LB) as described earlier (Bolhuis et al, 2001) . Medium supplements were used at the following final concentrations: ampicillin, 100 mg/ml; arabinose, 100 mM unless otherwise stated (Table I) . 
Constructs and cloning
To construct a plasmid for the overproduction of His-tagged NrfC, a DNA fragment containing the nrfC gene was amplified with the primers CM_nrfC_Fw (5 0 -CGTAGCCAGAATTCATGACCTGGTCTCG TCG-3 0 ) and CM_nrfC_Rev (5 0 -CGTAGCCACTGCAGTTAATGGTGATG GTGATGGTGTTGGCTCACCTCCCCG-3 0 ) using E. coli MC4100 chromosomal DNA as template. The resulting product was digested with EcoRI and PstI and cloned into plasmid pBAD24 (Guzman et al, 1995) . The resulting plasmid was denoted by pCM1.
To construct a plasmid for the overproduction of His-tagged NapG, a DNA fragment containing the napG gene was amplified with the primers CM_napG_Fw (5 0 -CGTAGCCAGAATTCATGTCCCG GTCAGCGAA-3 0 ) and CM_napG_Rev (5 0 -CGTAGCCACTGCAGT TAATGGTGATGGTGATGGTGCGATTTGCCATTGTTCCC-3 0 ) using E. coli MC4100 chromosomal DNA as template. The resulting product was digested with EcoRI and PstI and cloned into plasmid pBAD24. The resulting plasmid was denoted by pCM4. For co-expression of TatA with above-mentioned plasmids, the coding sequence for E. coli TatA was cloned into pEXT22 using the XbaI site, generating pEXT-TatA.
Site-specific mutagenesis was used to generate the mutants nrfC M1, nrfC M2 on pCM1 background and the mutant napG M2 on pCM4 background. The resulting plasmids were denoted by pCM2, pCM3 and pCM5, respectively. To obtain these, the point mutations were made using the Quickchange TM mutagenesis system (Stratagene) according to the manufacturer's instructions. In the case of nrfC M1 (pCM2), the Cys residues at positions 152 and 155 were mutated to Ala with the primers CM_nrfC_C152A_C155A_Fw (5 0 -GACGGCGGACAAAGCCGATTTCGCCCGTAAGACCAATTTGC-3 0 ) and CM_nrfC_C152A_C155A_R (5 0 -GCAAATTGGTCTTACGGGC GAAATCGGCTTTGTCCGCCGTC-3 0 ) using pCM1 as a template. In the case of nrfC M2 (pCM3), the Cys residues at position 168 and 172 were mutated to Ala with the primers CM_nrfC_C168A_ C172A_Fw (5 0 -GTTGCCCGCGGCCGTTGAAGCTGCCCCGACCAAG-3 0 ) and CM_nrfC_C168A_C172A_Rev (5 0 -CTTGGTCGGGGCAGCTTC AACGGCCGCGGGCAAC-3 0 ) using pCM1 as a template. In the case of napG M2 (pCM5), the Cys residues at position 107 and 111 were mutated to Ala with the primers CM_napG_C107A_C111A_Fw (5 0 -GGACATTCCGGCCGCCAAAGTGGCCCCAAGCGGTG-3 0 ) and CM_napG_C107A_C111A_Rev (5 0 -CACCGCTTGGGGCCACTTTGGCG GCCGGAATGTCC-3 0 ) using pCM4 as a template. Site-specific mutagenesis was used again to generate the mutants KK nrfC, KK nrfC M1 and KK nrfC M2 of pCM1, pCM2 and pCM3, respectively. The resulting plasmids were denoted by pCM6, pCM7 and pCM8, respectively. To obtain these, the point mutations were made using the Quickchange mutagenesis system (Stratagene) according to the manufacturer's instructions. To produce pCM6, pCM7 and pCM8, both arginine residues of NrfC at positions 5 and 6 were mutated to lysine residues with the primers CM_KK_nrfC_ F (5 0 -GACCTGGTCTAAAAAGCAGTTTCTCACCGGCGTCGGCGTGCTG GC-3 0 ) and CM_KK_nrfC_R (5 0 -GCCAGCACGCCGACGCCGGTGA GAAACTGCTTTTTAGACCAGGTC-3 0 ) using pCM1, pCM2 and pCM3, respectively, as a template.
Cell fractionation
Starter cultures (5 ml) were grown overnight and used to inoculate 50 ml of LB (with appropriate antibiotic selection and 100 mM arabinose to induce the expression of NrfC and 500 mM arabinose to induce the expression of NapG) in a 250 ml flask to a starting OD 600 of 0.01. Cells were grown to mid-exponential growth phase before fractionation as follows. Periplasm and spheroplasts were prepared by the EDTA/lysozyme/cold osmoshock procedure (Randall and Hardy, 1986) . Spheroplasts were lysed by sonication, and intact cells and cellular debris were removed by centrifugation (5 min at 10 000 g). Membranes were separated from the cytoplasmic fraction by centrifugation (30 min at 250 000 g). Protein concentration was determined using a BCA-linked assay (Pierce). Protein fractions were separated by 15% SDS-polyacrylamide gel electrophoresis and immunoblotted with anti-His antibody (Invitrogen) and anti-GFP (Clontech). As secondary antibodies, horseradish peroxidase anti-mouse and anti-rabbit IgG conjugate were used, respectively, and detected by ECL detection system (Amersham Pharmacia Biotech). ImageQuant software (Molecular Dynamics) was used for quantitative analysis of immunoblots.
Time course during arabinose induction
Starter cultures (5 ml) were grown overnight and used to inoculate 50 ml of LB (with appropriate antibiotic selection and 100 mM arabinose to induce the expression of NrfC and 500 mM arabinose to induce the expression NapG) in a 250 ml flask to a starting OD 600 of 0.01. Cells were grown at 37 1C and cell samples were taken every 30 min for a period of 5 h during arabinose induction. At each time point, 500 ml of cells were collected by centrifugation and immediately frozen. Total cell protein content was separated on a 15% SDS-polyacrylamide gel and immunoblotted as described earlier.
Generation of a structural model for NrfC PDB file 1KQF for formate dehydrogenase was used as a template for generation of a homology model for NrfC structure. The primary sequence was superimposed on the amino-acid backbone ensuring that FeS ligands were positioned at equivalent points, and the model shown in Figure 1 was generated using PyMOL (http://pymol. sourceforge.net/).
